One contribution of 24 to a discussion meeting issue 'The challenges of hydrogen and metals'. Atomic level characterization brings fundamental insight into the mechanisms of self-protection against corrosion of metals and alloys by oxide passive films and into how localized corrosion is initiated on passivated metal surfaces. This is illustrated in this overview with selected data obtained at the subnanometre, i.e. atomic or molecular, scale and also at the nanometre scale on singlecrystal copper, nickel, chromium and stainless steel surfaces passivated in well-controlled conditions and analysed in situ and/or ex situ by scanning tunnelling microscopy/spectroscopy and atomic force microscopy. A selected example of corrosion modelling by ab initio density functional theory is also presented. The discussed aspects include the surface reconstruction induced by hydroxide adsorption and formation of two-dimensional (hydr)oxide precursors, the atomic structure, orientation and surface hydroxylation of three-dimensional ultrathin oxide passive films, the effect of grain boundaries in polycrystalline passive films acting as preferential sites of passivity breakdown, the differences in local electronic properties measured at grain boundaries of passive films and the role of step edges at the exposed surface of oxide grains on the dissolution of the passive film.
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Atomic level characterization brings fundamental insight into the mechanisms of self-protection against corrosion of metals and alloys by oxide passive films and into how localized corrosion is initiated on passivated metal surfaces. This is illustrated in this overview with selected data obtained at the subnanometre, i.e. atomic or molecular, scale and also at the nanometre scale on singlecrystal copper, nickel, chromium and stainless steel surfaces passivated in well-controlled conditions and analysed in situ and/or ex situ by scanning tunnelling microscopy/spectroscopy and atomic force microscopy. A selected example of corrosion modelling by ab initio density functional theory is also presented. The discussed aspects include the surface reconstruction induced by hydroxide adsorption and formation of two-dimensional (hydr)oxide precursors, the atomic structure, orientation and surface hydroxylation of three-dimensional ultrathin oxide passive films, the effect of grain boundaries in polycrystalline passive films acting as preferential sites of passivity breakdown, the differences in local electronic properties measured at grain boundaries of passive films and the role of step edges at the exposed surface of oxide grains on the dissolution of the passive film.
This article is part of the themed issue 'The challenges of hydrogen and metals'.
Introduction
Corrosion is a degradation phenomenon of a metallic material resulting from the chemical or electrochemical interaction with its environment. It takes many forms as metals and alloys of various types are exposed to a large variety of aggressive environments. Our understanding 2017 The Author(s) Published by the Royal Society. All rights reserved.
On metal electrodes polarized in aqueous solutions, water dissociates to produce hydroxide ions that can strongly interact with the metal atoms and thus modify the structure of the metal/water interface and initiate the growth of passivating anodic oxide films. Characterizing the structural modifications of a well-defined metal surface accompanying the adsorption of hydroxide anions can thus provide detailed insight for understanding the early stages of interactions between the metal and the oxygen reactant in anodic oxidation and the nucleation and growth of oxide passive layers. This is illustrated here with data obtained on Cu, Ag and Ni surfaces.
On copper, hydroxide ions from the liquid water adsorb on the surface in the potential range preceding three-dimensional anodic oxide growth, which induces reconstruction and formation of two-dimensional (hydr)oxide adlayers [4] [5] [6] [7] . On Cu(111), this process is observed at −0.6 V/SHE in 0.1 M NaOH before three-dimensional growth of (111)-oriented Cu 2 O at higher anodic potential (U S > -0.2 V/SHE) (figure 1) [4, 6] . Initial growth of the adlayer at the metal/water interface occurs preferentially at the step edges and propagates progressively to completely cover the terraces. The reconstruction of the topmost Cu plane induced by the adsorption of OH − anions results in the displacement of the step edges and the formation of monatomic adislands at the end of the growth process. Cu atoms are ejected from the topmost plane, diffuse on the surface and aggregate at step edges to cause the step edges to advance. When the surface is already covered by the two-dimensional adlayer, the ejected atoms have a reduced mobility and aggregate to form adislands in the final stages of the adsorption process. Figure 1 shows an atomically resolved EC-STM image of the ordered and reconstructed adlayer and its model according to a Cu(111)/Cu R /OH ads topmost plane sequence [6] . The measured lattice is hexagonal with a unit cell parameter of 0.6 ± 0.02 nm. Each unit cell contains one intensity minimum and four intensity maxima assigned to OH ads groups and to Cu R atoms of the reconstructed topmost metal plane, respectively. The Cu R atoms form a hexagonal sublattice with a period half that of the unit cell, i.e. approximately 0.3 nm. This period is larger than the period of the (111) [4, 6] . (Online version in colour.)
Cu(111) atom is deduced from the density of the intensity minima, in excellent agreement with the coverage of 0.19 obtained from the electrochemical charge transfer measurements [6] . The position of the OH ads groups corresponds to threefold hollow sites of the reconstructed Cu R plane on which they form a (2 × 2) superstructure. This structure of the Cu R /OH ads topmost plane mimics that of the Cu and O sublattices in (111)-oriented Cu 2 O (presented below), thus forming a surface (hydr)oxide adlayer that can be viewed as a structural two-dimensional precursor for the three-dimensional Cu 2 O(111) anodic oxide film that grows at higher anodic potential. On silver, surface reconstruction induced by hydroxide adsorption also precedes the growth of three-dimensional anodic oxide films that occurs at higher anodic potential (U S > 0.3 V/SHE) as observed on Ag(111) in 0.1 M NaOH [8, 9] . However, surface reconstruction requires a potential (U S > -0.1 V/SHE) higher than that (approx. −0.45 V/SHE) above which hydroxide ions adsorb to form OH γ − ads species. EC-STM revealed no superstructure, but the atomically smooth terraces appeared streaked in the potential range of −0.45 ≤ U S ≤ −0.1 V/SHE [9] . This was interpreted as being caused by surface mobility and thus weak bonding of the adsorbed hydroxide groups possibly incompletely discharged (OH γ − ads with 0 < γ < 1). For −0.1 < U S ≤ 0.3 V/SHE, surface reconstruction occurs and the two-dimensional surface oxide adlayer has a heterogeneous structure with ordered Ag 2 O(111)-like islands separated by unreconstructed areas where mobile OH γ − ads species probably predominate [9] . On nickel, the adsorption of hydroxide ions also takes place at potentials negative to the onset of three-dimensional anodic oxide growth. On Ni(111) in 0.1 M NaOH, EC-STM revealed surface local ordering prior to hydroxide adsorption-induced surface reconstruction forming a twodimensional passive layer at higher anodic potential [10, 11] . Local ordering was characterized by the formation of ordered (2 × 2) islands of limited lateral extension, interpreted as mobile H 2 O ads and OH γ − ads (0 < γ < 1) species locally stabilized by coadsorption [11] . Surface reconstruction was characterized by the formation of two-dimensional nanocrystals (lateral size approx. 2 nm) having a hexagonal lattice with a parameter of 0.31 ± 0.01 nm assigned to Ni(OH) 2 (0001) possibly in strained epitaxy on Ni(111) [10] .
3. Structure of oxide passive films on metals and stainless steel Self-protection against corrosion of metals and alloys in aqueous environments is provided by the growth of oxide passive films. This is the best of all means of protection of metallic materials and a key for their use in our environment. Oxide passive films are hydroxylated and most commonly do not exceed a few nanometres in thickness at room temperature. They are well adherent and effectively isolate the substrate from the corrosive environment [12] [13] [14] [15] [16] [17] [18] .
Atomic level STM, AFM as well as grazing-incidence X-ray diffraction (GIXD) studies with a synchrotron light source have been performed on pure metal substrates like Cu [ 
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Ni [10, 11, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] , Fe [32] [33] [34] [35] [36] [37] [38] [39] , Cr [40, 41] and Co [42] [43] [44] , and on alloy substrates like stainless steel [45] [46] [47] [48] [49] [50] [51] [52] and nickel-based alloys [53] . These studies have demonstrated that, for most systems, passive films are polycrystalline with grains of nanometric lateral dimensions due to a high density of sites for oxide nucleation. The microstructure is textured by the preferential crystallographic orientation adopted by the oxide grains.
EC-STM data obtained on Cu(111) polarized in the potential range of Cu(I) oxidation in 0.1 M NaOH have shown that the overpotential, i.e. the driving force for anodic oxide formation, influences the growth, crystallization and structure of the passive films [4, 5, 20] . At low oversaturation (U S = −0.25 V/SHE), the metal substrate is partially covered by poorly crystallized and one monolayer (ML) thick oxide islands formed after preferential nucleation at step edges. The observed numerous islands result from a high density of nucleation sites for initiating the growth of the oxide [20] . These oxide islands are separated by the ordered (hydr)oxide adlayer described above. At higher oversaturation (U S = −0.2 V/SHE), the metal substrate becomes fully covered by well-crystallized and several ML thick oxide films (figure 2a). Subsequent measurements of the charge transfer during cathodic reduction scans allow one to deduce the equivalent thickness of the oxide layer: approximately 0.5 and 7 equivalent MLs after . On Cu(001) [7] , the oxide layer is also a few MLs thick and has a square lattice with the same periodicity of approximately 0.3 nm, consistent with the Cu sublattice of (001) Cu(I) oxide passive film surfaces are faceted by the presence of periodic step edges. This is indicative of a tilt of a few degrees of the orientation of the oxide lattice with respect to the Cu lattice (figure 2a). The tilt is thought to result, at least in part, from the relaxation of the stress at the metal/oxide interface resulting from the large mismatch between the two lattices (17%). The height of the surface steps of the oxide layer corresponds to 1 ML of cuprite, indicating an identical chemical termination of the Cu 2 O oxide terraces. The oxide layer surface is probably hydroxylated and DFT modelling for the Cu 2 O(111) surface has confirmed that OH adsorption on the oxide lattice stabilizes the unreconstructed structure of the Cu sublattice observed in situ by STM [55] . The structure of the duplex Cu(I)/Cu(II) passive films formed in the potential range of Cu(II) anodic oxidation is also crystalline with surface hydroxylation stabilizing the otherwise polar (001)-oriented CuO structure of the Cu(II) outer layer of the passive film [21] .
On nickel, the oxide passive film has structural characteristics similar to those on copper, as observed by EC-STM for a Ni(111) single-crystal surface polarized in the middle of the passive domain in a sulfuric acid solution (pH approx. 2.9) (figure 2b) [26] . The passive film surface is also faceted, exhibiting regular terraces and step edges indicative of a slightly tilted epitaxy between the NiO lattice forming the barrier oxide layer and the Ni(111) lattice of the substrate. As on copper, the tilt may partly relax the interfacial stress associated with the lattice mismatch (16% on Ni). The (111) orientation of the NiO lattice and its tilt of about 3°with respect to the Ni(111) orientation have been confirmed by in situ GIXD measurements [27] . The fcc oxide grows in antiparallel epitaxy on the fcc substrate: NiO(111)[110] || Ni(111) [110] . The atomic lattice measured on the terraces is hexagonal with a parameter of 0.3 ± 0.02 nm consistent with the O (and Ni) sublattice of NiO(111) [22, 23, 26, 30] .
NiO has the NaCl structure and the (111) surface is polar and thus unstable if bulk-like terminated. It is however the surface orientation which is obtained by passivation. DFT modelling confirmed that the reason for this preferential (111) orientation of the terraces is that the surface is stabilized by adsorption of an ML of hydroxyl groups [54, 56] . Figure 2b shows a model for such a faceted and hydroxylated surface. The presence of dissociated water at the surface of the oxide film is thus a major factor for the structural aspects of the growth mechanism.
On chromium and stainless steels, on which the formation of Cr(III)-enriched oxide passive layers provides excellent corrosion resistance, potential and ageing under polarization are critical factors for the development of crystalline passive films. Potential and ageingdependent crystallization observed by STM [40, 41, [47] [48] [49] 51] has been shown to be paralleled by dehydroxylation measured by X-ray photoelectron spectroscopy [40, 47, 49] . On chromium passivated in acid solution (0.5 M H 2 SO 4 ) at low potential, where the passive film is highly hydrated and the Cr(III) oxide inner layer is only partially developed, the film is mostly disordered and consists mainly of Cr(III) hydroxide. The view is that the passive film consists of small Cr(III) nanocrystals buried in a disordered Cr(III) hydroxide matrix. At high potential, where the inner part of the passive film is dehydrated and consists mostly of Cr(III) oxide, larger crystals are formed [40] . A faceted topography extending over several tens of nanometres has been observed by EC-STM (figure 2c) [41] . The nanocrystals have a lattice consistent with the O sublattice in α-Cr 2 O 3 (0001) (corundum structure). The basal plane of the oxide is parallel to bcc Cr(110) with the closed-packed rows of the O sublattice nearly parallel to those of the metal and a mismatch of 12%. On stainless steels passivated in acid solution, it has been observed that, for short polarization times (less than or equal to 2 h), the crystallinity of the passive films decreases with increasing Cr content of the alloy [45, 46] . Structural changes also occur during ageing under anodic polarization [47] [48] [49] 51] , as illustrated by the images shown in figure 3 .
The major structural modification is an increase in the crystallinity of the film and the coalescence of Cr(III) oxide nanocrystals in the inner oxide as observed on Fe-22Cr [47] and Fe18Cr-13Ni alloys [49] studied over time periods of up to 65 h. Like on chromium, the measured atomic lattice is consistent with the O sublattice of the (0001)-oriented α-Cr 2 O 3 corundum structure. The rate of crystallization is more rapid on the austenitic stainless steel than on the ferritic one [57] . This was tentatively explained by a regulating effect of Ni on the supply of Cr on the alloy surface, a lower rate of Cr enrichment being in favour of a higher degree of crystallinity [57] .
Localized corrosion: its origin at the nanometre scale
Oxide passive films are sensitive to local breakdown, eventually leading, in the presence of aggressive species (e.g. chlorides), to accelerated dissolution of the metallic substrate at localized sites (e.g. pitting), whereas the rest of the surface remains well protected. Local passivity breakdown is the first stage in the process leading to localized corrosion by pitting. Pits can be preferential sites for crack initiation. Even when grown on single-crystal substrates, passive films have a polycrystalline microstructure with grains of nanometric lateral dimensions. On nickel, the lateral dimensions of the crystalline grains determined from the morphology observed by STM and AFM have been reported to range from approximately 2 nm in the initial stages of two-dimensional growth to 30 to 230 nm for three-dimensional films in stationary conditions of passivity [10, 11, 23, 26, 30, 58] . A large dispersion could be found on the same sample. A lower average value of approximately 8 nm for the NiO(111) single-crystal domain size was derived from GIXD data obtained on passivated Ni(111) surfaces [27, 30] . This difference can be assigned to the fact that STM and AFM measurements are unable to resolve the multiple twin or subgrain boundaries that may exist in the passive film if they do not markedly emerge at the topmost surface of the film.
The grain boundaries separating the oxide grains play a key role in the breakdown of passivity and the initiation of localized corrosion as revealed by STM and AFM studies performed on well-defined substrate surfaces [58] [59] [60] [61] [62] . These nanostructure defects act as preferential sites for passivity breakdown and pit initiation both without and with aggressive anions (Cl − ) present in the electrolyte. This is illustrated in figure 4 for passivated Ni(111) surfaces [58, 60] . After prepassivation in a chloride-free sulfuric acid solution (pH 2.9) in the lower part of the passive domain (0.55 V/SHE), the surface is completely covered by the polycrystalline passive film (figure 4a). This pre-passivated surface corrodes locally with the formation of nanopits when the potential is increased (up to 1.05 V/SHE) in the passive range. In the absence of chlorides, the Their measured depth (2.2-3.8 nm) is larger than the variation of the surface level at grain boundaries after pre-passivation (0.4-1.4 nm), and also larger than the thickness of the passive film formed in these conditions (less than 2 nm). This implies that the prepassivated surface has been locally depassivated at grain boundaries of the passive film, with a local and transient enhancement of the corrosion of the substrate, and subsequently repassivated. Thus, nanopits are formed (and repassivated) after breakdown at the less resistive grain boundary sites of the passive film even in the absence of chlorides. Figure 4c evidences that the presence of chlorides promotes the growth of some of the nanopits. Indeed, the nanopits observed between the grains have, for the most part, the same dimensions as those formed in the chloride-free electrolyte. However, significantly larger ones are also observed (some are marked) with lateral dimension of 40-50 nm at the surface and a depth of 5-6 nm. Their density (approx. 2 × 10 9 cm −2 ) is about one order of magnitude lower than that of the smaller nanopits, showing that only a fraction of the less resistive sites of the passive film are impacted by the effect of chloride during the depassivation/repassivation process. The STM image in figure 4d confirms passivity breakdown at the grain boundaries of the passive film, here a triple joint between oxide grains.
Local electronic properties of passive films on nickel and their effects on localized corrosion initiation
STS is at present the unique technique enabling one to investigate the relationship between local electronic properties and grain boundaries of the oxide film of a passivated surface. Indeed, in combination with STM imaging, STS allows one to record the tunnelling current I t versus the applied bias voltage V t between surface and tip at pre-selected locations on the imaged surface. The normalized differential conductance (dI t /dV t )/(I t /V t ) extracted from the I t -V t curves is proportional to the surface density of electronic states (SDOS). The electronic structure at the surface can thus be measured locally with a resolution similar to imaging in ex situ conditions of measurements, i.e. in the absence of electrochemical polarization of the passivated surface [63, 64] . In figure 5 , the application of STS to Ni(111) single-crystal surfaces passivated in acidic solution (pH 2.3) is illustrated [63] . Normalized differential conductance curves, averaged from 251 and 55 I t -V t measurements obtained on grains and grain boundaries, respectively, are plotted versus V t , the surface-to-tip bias. These curves reveal the distinctive local density of states obtained on the grains and grain boundaries of the passive film, schematically illustrated on the energy band model. The occupied electronic states are measured at negative bias. On the grains, the increase in the SDOS is measured for V t ≤ −0.54 ± 0.03 V. It indicates that the top of the valence band E V is 0.5 V below the Fermi level E F (at V t = 0 V), in good agreement with data for NiO [65] . Below this position E V , the occupied states of the grains of the passive film act as electron donors, as illustrated by the arrows pointing from the energy band model. As the width of the electronic gap of the NiO passive film is about 3.5 V [66] , the E V position is consistent with a p-type character of the film and thus with metallic vacancies as dominant point defect of the structure (Ni (1−δ) O) [67] . At the grain boundaries, the slight shift to V t ≤ −0.66 ± 0.03 V of the E V position suggests that the p character of the passive film is slightly attenuated due either to a decreased concentration of metallic vacancies or to the presence of oxygen vacancies.
For −0.54 ± 0.03 < V t < 0.20 ± 0.03 V on grains and −0.64 ± 0.03 < V t < 0.51 ± 0.03 V at grain boundaries, the SDOS is minimum, as expected from the electronic gap of the passive film. As the passive film is ultrathin (less than 2 nm), direct tunnelling from/to the substrate, at negative/positive bias cannot be excluded, as illustrated by arrows pointing downwards/upwards in the model.
The unoccupied states are measured at positive bias. On the grains, the SDOS shows peaks measured for 0.5 < V t < 1.5 V. These peaks correspond to surface states (illustrated by ovals in the model) as the width of the electronic gap of the passive film is about 3.5 V, and thus extends up to V t ∼ 3 V. These surface states can promote indirect electronic transfer to the empty states of the substrate, as illustrated by the arrows in the band model. At the grain boundaries, the density of these surface states is markedly reduced in the range 0.5 < V t < 1.2 V before reaching the same level as on the grains above 1.2 V. This is consistent with oxygen vacancies present at the grain boundaries of the NiO passive film, in agreement with the shift of the p-type character observed at negative bias. Indeed, an increase in the concentration of metallic ions at the grain boundaries of the passive film can be excluded, as that should increase and not decrease the density of the Ni 3d unoccupied surface states in the range 0.5-1.5 V. By contrast, each added oxygen vacancy in the oxide lattice will leave two electrons that fill the unoccupied 3d levels of the surrounding metallic ions, thus decreasing their density as observed at positive bias. The dominant defects at the grain boundaries of the NiO passive film remain the metallic vacancies because the film remains p-type in these sites, however with oxygen vacancies (Ni (1−δ) O (1−κ) with δ > κ). The oxygen vacancies present at grain boundaries can be expected to promote anionic transport in these sites, and related effects on passivity breakdown. They should also promote the local entry and transport of chlorides in the passive film at the grain boundaries of the passive film.
Atomistic modelling of corrosion using density functional theory
The steps present at the surface of the oxide grains forming the passive film are preferential sites for dissolution in the passive state, proceeding by a receding step flow mechanism [28, 59] . This point is a key aspect of the adsorption mechanism of passivity breakdown in which dissolution of the oxide passive film is catalysed by complexation of adsorbed chlorides with metal cations at the topmost surface and leads to thinning of the passive layer with possible final total removal [68] [69] [70] . Besides, if one assumes that the local topography at oxide grain boundaries emerging at the surface of the passive film presents a locally increased density of step edges, the enhancement of dissolution would be localized at emerging grain boundaries, which could lead to local passivity breakdown.
DFT calculations have been applied to hydroxylated NiO(111) surfaces simulating the termination of the passive film in order to study the interaction with Cl − and the effect of the presence of steps on the dissolution of the oxide [54, 56, 71] . Based on experimental results, a (533)-oriented NiO periodic model (figure 6) including monatomic (010) step edges and (111) terraces was built. This enables the effect of steps at the surface of the passive film to be included. Cl adsorption was modelled by substituting the surface OH groups by Cl atoms at 25, 50, 75 and 100% coverages, and subsurface insertion was modelled by exchanging one adsorbed Cl of the topmost anionic layer with one O atom of the first inner anionic layer of the oxide. After DFT optimization, substructures of Ni(OH) 2 , Ni(OH)Cl or Ni(Cl) 2 composition were observed to form and detach from the step edges of the adsorbed structures, as shown in figure 6 , confirming the major role of the step edges in the dissolution of the oxide. The calculated energies of detachment of the substructures revealed that the Cl-containing substructures are easier to detach, showing that dissolution at the step edges can be promoted by the adsorption of Cl and confirming a Cl adsorption-induced thinning as a possible breakdown mechanism of the oxide passive film.
By contrast, the subsurface inserted structures do not lead to the formation of substructures of Ni(OH)Cl or Ni(OH) 2 type detaching from the step edges after DFT optimization. This suggests that, after subsurface insertion of the Cl atoms, film dissolution is not promoted unlike with the adsorbed structures. At surface saturation, the subsurface inserted structures become more stable than the adsorbed structures, indicating a possible bifurcation from the Cl adsorptioninduced oxide thinning mechanism to a penetration-induced mechanism of passivity breakdown. Noteworthy, this requires the saturation in adsorbed Cl of the step edges and their immediate vicinity but not necessarily of the extended defect-free terraces, pointing to a nanoscale local effect of step edges that would promote the subsurface insertion (i.e. penetration) of chlorides in the passive film.
Conclusion
Selected examples on metals (Cu, Ni, Cr) and Cr-containing alloys (stainless steels) have been presented to illustrate how insightful atomic level characterization is to understand the mechanisms of self-protection against corrosion by passivation and the origin of localized corrosion. The discussed aspects show the following.
-Hydroxide ion adsorption precedes three-dimensional oxide growth and produces twodimensional overlayer structures of adsorbed hydroxyl groups acting as structural precursors for the growth of three-dimensional passive films. The topmost metal plane is reconstructed to adopt the structural arrangement found in the three-dimensional oxide (passive film). -Oxide passive films are in most cases crystalline and expose a faceted surface owing to a few degree tilt of the oxide lattice with respect to the metal lattice. The oxide surface is hydroxylated. Ageing under polarization is critical to the crystallization of chromiumrich passive films. -Grain boundaries in polycrystalline oxide passive films on metals act as preferential nanostructural defects for passivity breakdown and localized corrosion initiation, as demonstrated on nickel. -Local electronic properties probed on passivated nickel show a markedly different surface density of states explained by the presence of oxygen vacancies at grain boundaries of the oxide passive film. Anionic transport and chloride entry can be expected to be locally promoted in these sites. -The step edges of the passive film surface are preferential sites of dissolution in the passive state, promoted by chloride adsorption.
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